Abstract Adhesive bend and shear tests of micro-sized bonded component have been performed to clarify the relationship between effects of heat-treatment on the adhesive strength and the bonded specimen shape using Weibull analysis. Multiple micro-sized SU-8 columns with four different diameters were fabricated on a Si substrate under the same fabrication condition. Heat-treatment can improve both of the adhesive bend and shear strength. The improvement rate of the adhesive shear strength is much larger than that of the adhesive bend strength, because the residual stress, which must change by heat-treatment, should effect more strongly on the shear loading. In case of bend type test, the adhesive bend strength in the smaller diameters (50 and 75 ) widely vary, because the critical size of the natural defect (micro-crack) should vary more widely in the smaller diameters. In contrast, in case of shear type test, the adhesive shear strengths in each diameter of the columns little vary. This suggests that the size of the natural defects may not strongly influence on the adhesive shear strength. All the result suggests that both of the adhesive bend and shear strengths should be complicatedly affected by heat-treatment and the bonded columnar diameter.
Introduction
In the last few decades, chip making technology has been advancing rapidly with improvements in microfabrication techniques [1] . Most of the techniques are based on photolithography, which is a processing technique to fabricate fine patterns of photoresist film on a wafer for two-dimensional fine curcuits in integrated circuits(ICs). The technique has been modified to fabricate three-dimensional micro mechanical elements with high aspect ratio in micro-electro mechanical systems(MEMS); for example, surface micromachining [2] , reactive ion etching(RIE) [3] , anisotropic etching [4] , LIGA process [5, 6] , Bosch process [7] , etc. MEMS devices are built by laminating fine patterns using these techniques, thus, the devices include a large number of interfaces between dissimilar materials, e.g. combination of silicon, metals, ceramics, and/or polymers. There are many sources of stress concentration at the interface, for example, natural defects, residual stress caused by difference of thermal expansion coefficients, difference of elastic moduli etc. As a result, fracture sometimes occurs near the interface, thus, the delamination is one of the most serious problem in MEMS. However, there are many factors to complicatedly effect the delamination during fabrication and/or in use. It is necessary to quantitatively evaluate the adhesive strength between a micro-sized component and a substrate for the purpose of clarifying the relationship between effective factors and the adhesive strength. In our precious study, quantitative adhesive testing methods have been developed for micro-sized bonded components on a substrate using columnar shape of the micro-sized bonded component (see Fig. 1 Mechanical properties of SU-8 should be changed by film thickness under the same processing condition, thus, four different diameters of SU-8 columns with the same columnar length (film thickness) were fabricated on a Si substrate under the same processing condition in this study. Multiple test pieces with each columnar diameter were prepared to statistically evaluate the adhesive strength by Weibull distribution. All the results should make clear the effects of the heat-treatment on the adhesive strength in micro-sized bonded SU-8.
Experimental

Materials and Fabrication Details
Materials used in this study are an epoxy type photoresist, SU-8 and a Si substrate of 0.5 mm thickness. SU-8 can be easily fabricated three dimensional micro components with several tens microns in thickness using UV photolithographic technique, although it is difficult for common photoresist to fabricate such a threedimensional fine patterns [12] . SU-8 is utilized as permanent materials for micro fluidics, wave guide, soft cantilever, etc. Thus, the resist was selected as the test piece in this study to study the adhesive strength of SU-8 for safe design. 
Adhesive Strength Test Methods
In case of bend type test, the bending force is applied to the end of the columnar test piece using a loading tool, which is 20° tilted against the lateral face of the test piece as shown in Fig. 1(a) .
Adhesive bend strength (  ) is calculated by the following equation;
where   denotes the bend moment at delamination,  is the section modulus of a columnar test piece,   is the bending force at delamination,  is a diameter of a columnar test piece, and   denotes the loading distance (see Fig. 1(a) ). The columnar length is defined as lp in this study.
On the other hand, in case of measuring adhesive shear strength; the line load should be applied to the columnar test piece using a loading tool, which is parallel to the lateral face of the test piece. However, it is difficult to precisely align between the micro-sized test piece and loading tool. Instead, a point load was applied at the vicinity of the columnar root using a loading tool with an approximately slightly slanting its apex as shown in Fig. 1(b) .
In such a case, the effect of bend stress at the columnar root can be minimized and the delamination must mainly occur by shear loading [8] . where  denotes the adhesive joint area and   is the shear force at delamination. 
Results and Discussion
Force-Displacement Curves in Bend and
Shear Type Tests and 2.0 (the higher aspect ratios) ( Fig. 6(a) ). In contrast, the adhesive bend strengths seem almost constant in all aspect ratios in heat-treated test pieces ( Fig. 6(b) ). However, all experimental data tend to widely vary; thus, it is unclear whether the adhesive bend strength changes by heat-treatment in these graphs of Fig. 6 . Mean adhesive bend strength in each diameter of the test piece is shown in Table 3 .
The adhesive bend strength in the non-heattreated test pieces became higher by heattreatment, although the percentage change of the improvement seems different by aspect ratios of the test pieces. The adhesive bend strengths in the higher aspect ratio are more than ten percent improved by heat-treatment. In contrast, the improvement rate is less than 4% in the lower aspect ratios. As a result, regardless of the aspect ratio, mean adhesive bend strength is almost constant in the heat-treated test pieces. piece (non-heat-treated and heat-treated specimen) to define  value (Weibull modulus). Table 5 shows  value in each diameter of the test piece.
In case of bend type test ( include micro-cracks during fabrication [13] .
The difference of  value between the smaller diameters and the larger diameters should indicate the difference of the critical micro-crack size, which causes the delamination.
In case of the smaller diameters, critical size of should not strongly affect the adhesive shear strength.
All the results suggest that the effective factor(s) on the delamination should be different between bend and shear loading conditions.
Conclusions
Adhesive bend and shear strength between a micro-sized SU-8 and Si substrate has been evaluated to clarify the relationship between the influence rates of heat-treatment on the strengths and the dimension of bonded SU-8 columns.
The results and discussions are concluded as follows;
1) Heat-treatment can improve both of the adhesive bend and shear strength. The improvement rate of the adhesive shear strength is much larger than that of adhesive bend strength. It is suggested that there is a factor(s) to change by heat-treatment, which is more effective against the shear loading, for example, residual stress.
2) The improvement rate of the adhesive strength tends to increase with increasing the aspect ratio.
3) In case of the delamination by bend loading, the adhesive bend strengths in the smaller columnar diameters more widely vary than those in the larger diameters. It should be reflected in the difference of the critical micro-crack size at the interfaces in each diameter of the test piece.
4)
In case of the delamination by shear loading, the adhesive shear strengths in each columnar diameter little vary. It is suggested that the distribution of the natural crack size little effects on the adhesive strength in this study.
All the result suggests that both of the adhesive bend and shear strengths should be complicatedly affected by heat-treatment and the bonded columnar diameter.
